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ABSTRACT 
 
Here we examine the constituent components that make a magnetocaloric material attractive for 
application. The field-temperature phase diagram is studied and using calorimetry, the 1st and 2nd 
order components of the magnetic field driven magneto-structural phase transition in 
CoMnSi0.92Ge0.08 are extracted. It is demonstrated that below 262K the transition shows a latent 
heat component associated with first order behavior when the material changes from 
antiferromagnetic to ferromagnetic order.  Such a transition is known as a metamagnetic transition. 
We identify 262K as a tricritical point and above this temperature Tcrit the transition shows only 
continuous, 2nd order characteristics.  Hall probe imaging that has a five micron pixel resolution is 
then used to study the striking differences in the spatial evolution of the transition above and below 
Tcrit.  We demonstrate that the hysteresis of the transition is linearly related to the magnitude of the 
latent heat; an observation that has important implications for the use of this and other 1st order 
systems for application as magnetic refrigerants. 
 
PACS: 75.30.Sg 
 
I. INTRODUCTION 
Whether a phase transition is first order or continuous is crucial to many phenomena found in 
nature.  Recently, a new class of magnetocaloric materials which undergo a field driven magneto-
structural phase transition from one form of magnetic order to another with an associated “giant” 
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change of entropy have been reported.1,2,3,4,5  .  With the discovery of these giant magnetocaloric 
effects, (GMCE)3,6,7 the possible application of the MCE for environmentally  friendly and energy 
efficient room temperature refrigeration has been brought much closer.  Consequently, research into 
room temperature magnetocaloric materials has grown dramatically over the last decade1,8 and is of 
increasing and pressing importance.   
 
The majority of the current most promising contenders as refrigerant materials exhibit magneto-
structural coupling, that is, coincident magnetic and structural phase transitions,9,10 leading to an 
increase in the magnetocaloric effect due to the 1st order nature of such transitions.  However, this 
leads to hysteresis, which is unattractive for applications because it introduces energy dissipation.  
It appears that the hysteresis of the field-driven magnetic transition, can be reduced when materials 
are made using particular processing routes suggesting that morphology and defects may play a 
strong role.3,11,12,13  These observations are encouraging because one of the major questions is 
whether it is possible to engineer a material so that the physical properties attractive for application 
can be maximized (large entropy change due to a 1st order transition), whilst those that are 
detrimental (hysteresis) can be suppressed.  In this paper we examine the role of hysteresis and its 
relationship to the strength of the 1st order transition in the inverse14 magnetocaloric material 
CoMnSi0.92Ge0.08.   
 
II. EXPERIMENTAL DETAILS 
 
Ingots were prepared by induction melting stoichiometric amounts of elemental powders and 
annealing for 60 hours at 950°C followed by slow-cooling.  The annealing and slow-cooling 
process was carried out to retain single phase structure.15  X-ray diffraction and Rietvield 
refinement using an internal Si standard yielded a good fit to a single phase, orthorhombic Pnma 
structure with lattice parameters of a=5.8716Å, b=3.6980Å, and c=6.8709Å.15  Samples that were 
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imaged were prepared by polishing using varying grades of diamond paste.   
 
All magnetization and Hall imaging16  measurements were carried out in an Oxford instruments 
Vibrating Sample Magnetometer, capable of reaching fields of ±4T and temperatures ranging from 
4.2-295K.  For local M-H loops, the change in Hall voltage measured at a single point was tracked 
as a function of field.  To obtain comparable data the local loops were normalized to the saturation 
moment of the bulk sample at the same temperature.   
 
Latent heat17 and heat capacity18 measurements were carried out on approximately 100μm3 sized 
fragments (typically 100x50x100μm), using a SiNi membrane sensor in a 8T magnet.  The entropy 
changes from magnetization ΔSM19,, heat capacity ΔSC, and latent heat ΔSLH, were derived using 
equations (1) - (3), where CH1,2 is the heat capacity at fields H1 and H2 taken here as 0T and 8T 
respectively, ΔQ is the heat absorbed by the sample at a given temperature,  and T1 is a reference 
temperature used for integration.  Further details of this method and subsequent calculations can be 
found elsewhere.17, 20  
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III. RESULTS AND DISCUSSION 
 
Previous work has shown how the how the Curie transition Tc between ferromagnetic and 
paramagnetic states, as well as the field driven metamagnetic phase transition from low field 
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antiferromagnetic (AFM) order to high field ferromagnetic (FM) order, evolves with Ge doping in 
the  CoMnSi1-xGex system (the latter transition is referred to in that paper as Tt).15  For x= 0.08 
studied here, Tc ~ 420K  and Tt ~375K in zero external magnetic field and as magnetic field is 
applied these temperatures diverge away from one another (Tc increases in field and Tt is lowered in 
field)  due to the stabilization of the FM state. 
 
Figure 1 summarizes the magnetization – field (M-H) loop at 230K of a “bulk” (~1mm3) 
polycrystalline sample and a ~200μm3 fragment of CoMnSi0.92Ge0.08.  We define the critical field, 
Hc, as the point at which the magnetization, M, is 50% of its saturation value, and write Hc? for 
increasing and Hc? for decreasing magnetic field directions, respectively.  The difference in field 
between Hc? and Hc? is the hysteresis width, ΔH.  The transition width, Hwidth? and Hwidth?, is defined 
here as the field required to go from 10% to 90% of the saturation moment of the sample as the 
field is increased or decreased.21 A schematic Hc - T phase diagram is shown in figure 2 and is 
constructed in part from the global magnetization data as well as from latent heat data as discussed 
below. 
 
Note that the 230K M-H loop shown in figure 1(a) for the bulk sample displays a broad and smooth 
transition, normally associated with 2nd order behavior, but with finite hysteresis ΔH (i.e. Hc? ≠ Hc?) 
usually indicative of a 1st order phase transition.  When small fragments of the order of 100 microns 
are taken from the bulk and studied individually, the magnetic behavior is quite different. Figure 
1(b) shows that the M-H loop of a typical fragment exhibits two sharp, step-like transitions, 
suggesting the presence of two crystallites which undergo 1st order transitions, oriented differently 
with respect to each other, therefore with different critical fields.  The lower inset in Fig. 1(b) shows 
the critical field, Hc?(θ), of these individual ‘crystallites’ in the fragment plotted as a function of 
angle, θ, between the applied field and the broad fragment surface.  The shaded region 
encompassing the Hc?(θ) of the two ‘crystallites’ indicates the transition width, Hwidth, of the bulk 
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sample.  Analogous to single domain ferromagnets, these fragments are apparently small enough 
that they switch sharply from one phase to the other.  The bulk M-H loop appears broad because in 
this system the magnetocrystalline anisotropy produces a distribution of Hc?,? in the randomly-
oriented fragments that make up the bulk material.  The broad Hwidth of the bulk material compared 
to the angular variation in Hc?,? suggests that other factors, such as strain or local inhomogeneity 
may also influence the transition.  Interestingly the hysteresis width, ΔH, of the individual 
‘crystallite’ varies as a function of field angle (Fig. 1 (upper inset)), unlike the angle independence 
of the bulk ΔH (flat dotted line).  These results highlight the role of magneto-crystalline anisotropy 
on the key parameters Hc?,? and ΔH in this system. 
 
The entropy changes derived from calorimetric measurements of an approximately 100μm3 
fragment and from magnetometry of the bulk sample, for a field change of 0-8T, are shown in figure 
2.  Note that the total entropy change determined from the bulk and fragment data agree well.  As 
the temperature is increased, the entropy change due to the latent heat contribution, ΔSL.H. decreases 
until it reaches zero at 262K, so that the magnetocaloric effect above 262K arises only from a 2nd 
order transition.  The combined calorimetric and bulk magnetometry data allow us to construct the 
schematic Hc-T phase diagram shown in the upper inset of Fig. 2 which we referred to previously.  
At temperatures below the tricritical point, Tcrit, there is a 1st order AFM to FM transition, indicated 
by a significant ΔSLH., accompanied by hysteresis.  Phase coexistence occurs where there is a latent 
heat associated with a nucleation energy barrier, inherent to 1st order phase transitions; the latent 
heat disappears at Tcrit = 262K.  Above Tcrit the 2nd order AFM-FM phase transition results in a 
small entropy change (<1 JK-1kg-1) until Tt (=375K) is reached. 
 
Hall probe imaging of the magnetic field driven phase transition can provide additional insight 
because of the opportunity to investigate magnetic behavior at individual sites (governed by pixel 
resolution i.e. the size of the Hall probe used). We call the M-H loops constructed from individual 
6 
sites “local loops”.  A selection of images of a 1mm2 surface area at 230K and 296K are given in 
figures 3(a) and 3(b) respectively.  Fig. 3 also shows the M-H loop of the bulk sample and of an 
individual pixel i.e. a  “local loop”.  The difference in the transition behavior at the two chosen 
temperatures is striking: At 230K the phase transition is 1st order and hysteretic.  Note that although 
the M-H loop shows a gradual transition in the bulk sample, on a spatially local scale both Hwidth 
and ΔH are much smaller, similar to the contrast between bulk and fragment samples in Fig. 1.  The 
switching of magnetic moment over well defined spatial regions can be described by a nucleation 
process.  The magnetic images demonstrate that there is a distribution of Hc?,? across the sample, 
and different sites nucleate the new magnetic phase at different fields.  This is the manifestation of 
phase coexistence across the transition in direct correspondence with the large Hwidth observed in 
the bulk sample at this temperature (Fig. 1).   
 
At 296K the field driven transition is 2nd order.  The images taken in increasing and decreasing field 
are now identical, reflecting that ΔH=0 both globally and locally.  Unlike the switching behavior at 
230K, the local M-H loops at every pixel site on the sample are coincident with the bulk M-H loop, 
indicating that the local behavior is everywhere identical to the global magnetization.  This is 
indeed the usual manifestation of a second order transition; the change from one magnetic order to 
another is smooth, gradual, and spatially uniform. 
 
We now turn to examine the important relationship between hysteresis and entropy change.  Figure 
4 shows that there is a linear relationship between the magnetic hysteresis, ΔH, and the latent heat, 
ΔQ, of a single latent heat spike.  Due to the development of multiple spikes as the temperature was 
increased, (as demonstrated by the upper inset of Fig. 4), this was determined for a single latent heat 
spike, tracked as a function of temperature.  To compare this to the data available for the bulk 
sample, the hysteresis width, ΔH, has also been compared to the total entropy change, ΔStotal 
(=ΔSL.H.+ΔSC) because for the bulk sample we can only use the magnetization data to calculate 
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ΔStotal.   We find that ΔH is proportional to ΔStotal (lower inset, Fig. 4), as indicated by the lines 
drawn but the slope, denoted here as γ, is different for the bulk (γ ≈0.65 TKkgJ-1) and for the 
fragment (γ ≈0.46 TKkgJ-1).  The x-intercept of the slopes occurs around 1 JK-1kg-1, as expected 
from Fig. 2, where the remaining entropy change at Tcrit was shown to be approximately 1 JK-1kg-1. 
 
The question remaining relates to understanding the different γ values found for bulk and fragment. 
As ΔStotal agreed well for bulk and fragment (Fig. 2) we can assume that the difference in γ is not 
due to varying contributions of ΔSLH to ΔStotal.  There is, however, a difference in Hc?,? of the bulk 
and fragment at 230K consistent with the variation shown in Fig. 1 of 0.1T between the mean and 
easy axis alignment.  Hence we draw the conjecture that the different γ values indicate the role that 
magnetic anisotropy might play in these materials: for the same entropy change a smaller hysteresis 
was observed in the fragment, most likely as a result of its orientation.  This suggests that 
manipulating magnetic anisotropy could hold one of the keys to changing these materials favorably. 
 
The observation that the hysteresis varies linearly with the magnitude of the latent heat has some 
important implications which we can draw attention to by considering how the Gibbs free energy 
profile, F(M), changes as the latent heat decreases for a metastable system with two energy 
minima22.  The horizontal separation of the minima (ΔM) defines the magnitude of the latent heat 
jump (change of order parameter), and the barrier (ΔE) defines the lower bound for the hysteresis.  
Our observation is that in the system we have studied here as the latent heat increases so does the 
energy barrier, and that these are correlated.  In order to manipulate ΔH, there has to be some 
compromise (depression) of the 1st order nature of the transition, or manipulation of the factor γ, 
which as we have shown can be closely dependent on the magnetic anisotropy. 
 
 
IV. CONCLUSION 
8 
 
We have shown that the metamagnetic transition in first order magneto-structural materials is 
complex and needs to be studied on different lengthscales in order to be better understood.  The 
sharp changes in magnetization at high spatial scale are indeed a direct manifestation of the 1st 
order magnetic transition, which is driven in large samples by a nucleation process.  The broad and 
continuous M-H loops observed from global magnetometry at 230K average many such sharp 
loops. We have also shown that magnetic anisotropy plays a role and in a polycrystalline bulk 
sample the random orientation of crystallites in the bulk are predominantly responsible for the 
distribution of Hc?,? and ΔH.  The room temperature Hall probe images show how a smooth and 
continuous field driven phase transition is manifest in striking contrast to the 1st order behavior at 
230K.  We correlate hysteresis with the magnitude of the latent heat jump, and our observations 
suggest that manipulating the magnetocrystalline anisotropy might be one route to controlling 
hysteresis without significant impairment of the magnitude of the magnetocaloric effect.  These 
observations form a basis for a fundamental understanding of these field driven transitions at a local 
spatial scale and provide insight for materials engineering that could lead to significantly improved 
magnetocaloric systems for applications. 
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FIGURES 
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FIG. 1 – Magnetic behavior of bulk and micrometer sized fragments of CoMnSi0.92Ge0.08 at 
230K.  (a) M-H loop of a ~1mm3 “bulk” sample - see the text for definitions and (b) M-H loop of a 
~200μm3 sized fragment suggesting the presence of 2 crystallites with individual critical fields 
Hc?,?.  Lower inset: Angular variation of Hc?(θ), defined as the mid-point of the transition of each 
‘crystallite’, 1 (▲) and 2 (○), identified in the fragment, as a function of angle with respect to the 
applied field.  The shaded region indicates Hwidth of the bulk material.  Upper inset: Angular 
variation of the hysteresis width associated with the ‘crystallite’, ΔH1 (▲) and ΔH2 (○), as a 
function of angle; the dotted line indicates the hysteresis width observed in the bulk, which is, as 
expected, independent of field angle. 
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FIG. 2 – (Color online) Temperature dependence of the entropy change.   
(a) Total entropy change (for a field change of 0T to 8T) calculated from calorimetry, ΔSTotal (-■-), 
of a 100μm fragment, compared to results from bulk magnetization measurements, ΔSMaxwell (-).  
ΔSTotal consists of latent heat, ΔSL.H. (-●-), and heat capacity, ΔSC (-Δ-), contributions.  Error bars at 
180K are indicative of the errors at all temperatures. Inset shows latent heat data taken from the 
fragment at 180K where there is a single spike associated with the transition in each field direction.  
(b) Hc-T schematic constructed from bulk magnetometry (-) and latent heat (---) measurements, 
where the lower line corresponds to Hc? and the upper line Hc?.  We identify the tricritical point, 
Tcrit, as the temperature at which ΔH and the latent heat reach zero, below which phase coexistence 
occurs (grey shaded area).  
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FIG. 3 – (Color online) Hall probe imaging of CoMnSi0.92Ge0.08 across the field driven 
magnetic transition:  (a) 1st order transition at 230K, (b) 2nd order transition at 296K. Left: The M-
H loops constructed from a single pixel (-○-) of a series of images are shown at these temperatures 
alongside bulk measurements (−).  Right: Equivalent up-field and down-field images are shown to 
highlight reversibility of this sample.  Each image is 1mm across.  The color scale is set to black at 
10% of saturation (AFM state), and yellow at 90% saturation (FM state).  Dark areas in the 
magnetically saturated images indicate the presence of cracks in the sample surface or the sample 
edge (top left corner), which were used as location markers.  
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FIG. 4 – (Color online) Relationship between hysteresis and entropy change. 
Main figure: Hysteresis associated with a single latent heat spike (identified in upper inset by the 
arrows; ΔH=H↑-H↓) plotted as a function of latent heat, ΔQ.  Upper inset: Example of how the 
transition “breaks up” into multiple latent heat spikes at high temperatures.  Note that ΔSLH is 
determined as the sum of these spikes. Lower inset: Hysteresis, ΔH, of bulk (■) and fragment (Δ) 
plotted as a function of total entropy change calculated using the Maxwell relation (see methods 
section for details).  The lines are guides for the eye and the error scale has been indicated on one of 
the points.  In this case we have estimated ΔH using the average over multiple latent heat spikes 
that appear as the temperature is increased.  
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